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Neutrino-nucleus νA→ νA and antineutrino-nucleus ν¯A→ ν¯A interactions, when the nucleus conserves its
integrity, are discussed with coherent (elastic) and incoherent (inelastic) scattering regimes taken into account.
In the first regime the nucleus remains in the same quantum state after the scattering and the cross-section
depends on the quadratic number of nucleons. In the second regime the nucleus changes its quantum state and
the cross-section has an essentially linear dependence on the number of nucleons. The coherent and incoherent
cross-sections are driven by a nuclear nucleon form-factor squared |F |2 term and a (1−|F |2) term, respectively.
One has a smooth transition between the regimes of coherent and incoherent (anti)neutrino-nucleus scattering.
Due to the neutral current nature these elastic and inelastic processes are indistinguishable if the nucleus recoil
energy is only observed. One way to separate the coherent signal from the incoherent one is to register γ
quanta from deexcitation of the nucleus excited during the incoherent scattering. Another way is to use a very
low-energy threshold detector and collect data at very low recoil energies, where the incoherent scattering is
vanishingly small. In particular, for 133Cs and neutrino energies of 30–50 MeV the incoherent cross-section
is about 15-20% of the coherent one. Therefore, the COHERENT experiment (with 133Cs) has measured the
coherent elastic neutrino nucleus scattering (CEνNS) with the inelastic admixture at a level of 15-20%, if the
excitation γ quantum escapes its detection.
After Freedman’s paper [1] it was confirmed [2–5] that in the Standard Model the cross-section of elastic neutrino scattering
off a nucleus is enhanced with respect to neutrino scattering off a single nucleon. The amplification factor for a spinless even-even
nucleus is |gnVNFn(q) + gpV ZFp(q)|2 ' N2(gnV )2|Fn(q)|2, giving the coherent νA-scattering cross-section in the well-known
form [1–12]
dσcoh
dTA
≈ G
2
FmA
pi
(
1− TA
TmaxA
)
|Fn|2 (gnV )2N2. (1)
Here TA is the kinetic energy of the scattered nucleus, mA is the nucleus mass, q is the momentum transfer, GF is the Fermi
constant, Z andN are the numbers of protons and neutrons, gp/nV are the proton/neutron couplings of the nucleon vector current,
and Fp/n(q) are the proton/neutron form-factors of the nucleus. The form-factors vanish as |q| → ∞ and approach unity
(Fp/n(q) = 1) if |q|RA  1, where RA is the radius of the nucleus. The coherency requirement reads as |q|R 1.
Freedman used the termin ”coherent neutrino-nucleus scattering” (CNNS) [1] to emphasize the fact that the dependence of
the corresponding cross-section is quadratic in terms of the number of nucleons.
The importance of the CNNS was demonstrated for a number of observables in astrophysics, like stellar collapse [13, 14],
and Supernovae [12, 15–17], in studies of physics beyond the Standard Model (SM) [3, 11, 18–28], and in investigation of the
nuclear structure [4, 29–33]. Due to the neutral-current nature an observation of ν-oscillations with CNNS could be evidence
for sterile neutrino(s) [34, 35]. Coherent scattering off atomic systems was studied in [36, 37]. There are some experimental
proposals to observe the CNNS [2, 10, 38–51]. This process is an unavoidable background in sensitive direct dark matter
searches [52–56]. Due to the CNNS one expects to reduce significantly the size of a neutrino detector. It would help to develop
neutrino-based applied research (non intrusive monitoring of nuclear reactors, etc).
The difficulty in observing CNNS lies in the detection of scattered nuclei with low kinetic energy of the order of a few keV.
This nuclear recoil energy is the only measurable CNNS signature. Detection of neutrinos (with Eν <50 MeV) via CNNS is a
challenge.
The first experimental evidence for CNNS was reported in 2017 by the COHERENT Collaboration [57–59], who used the
CsI[Na] scintillator exposed to neutrinos with energies of tens of MeV produced by the Spallation Neutron Source (SNS) at
the Oak Ridge National Laboratory [60–62]. The COHERENT energy threshold was 5 keV (for caesium). At these energies
the momentum transfer q is large enough to break the condition |q|RA  1. For example, energy deposits observed in [60]
correspond to 1 < |q|RA < 2.7, and the pure elastic cross-section should be suppressed. At higher energies the elastic cross-
section (given in Eq. (1)) vanishes (due to form-factors), but the neutrino-nucleus interaction probability, obviously, does not
vanish and must be determined by some inelastic interaction (absent in Eq. (1)). In general, the corresponding cross-section
should be given by a sum of elastic and inelastic cross-sections, similar to the theory of the scattering of X rays [63] and
electrons [64] off an atom and of slow neutrons off matter constituents [65].
In our previous paper [66] a theoretical framework allowing for elastic and inelastic neutrino-nucleus scattering in the process
νA → νA(∗) was developed on the basis of calculations from first principles. The possibility that the internal quantum state of
a nucleus can be modified after an interaction is labeled by the (∗) superscript.
In this paper new results for the neutrino-nucleus, νA→ νA(∗), and antineutrino-nucleus, ν¯A→ ν¯A(∗), elastic and inelastic
scattering processes obtained within the theoretical framework of [66] are presented and briefly discussed.
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2Neutrinos and antineutrinos with energies below tens of MeV predominately conserve the integrity of nucleons in neutrino-
quark interactions with Z0-boson exchange, allowing usage of an effective (anti)neutrino-nucleon interaction in the form
L(x) = GF√
2
Lµ(x)H
µ(x). Here Lµ(x) = ψν(x)γµ(1 − γ5)ψν(x) and Hµ(x) =
∑
f=n,p
ψf (x)O
µ
fψf (x) are the weak
currents of (anti)neutrinos and nucleons, respectively, Oµf = γ
µ
(
gfV − gfAγ5
)
= γµ
(
gfL(1− γ5) + gfR(1 + γ5)
)
, and left-
and right-chirality couplings gfL/R =
1
2
(
gfV ± gfA
)
are expressed in terms of the vector gp/nV and axial g
p/n
A couplings with
gA = 1.27± 0.003 [67]
gpV =
1
2
− 2 sin2 θW , gnV = −
1
2
, gpA =
gA
2
, gnA = −
gA
2
. (2)
In [66] the SM coupling values were used (with gA ≡ 1).
As demonstrated in [66], the neutrino-nucleus scattering ν(k) + A→ ν(k′) + A(∗) cross-section is a sum of incoherent and
coherent terms. Following [66], one has this sum for the antineutrino-nucleus scattering, ν¯(k) +A→ ν¯(k′) +A(∗), as well
dσν/ν¯
dTA
=
dσ
ν/ν¯
incoh
dTA
+
dσ
ν/ν¯
coh
dTA
. (3)
Here and below the left and upper symbols stand for neutrinos, and the right and lower symbols stand for antineutrinos.
The incoherent (anti)neutrino-nucleus scattering cross-section in (3) is
dσ
ν/ν¯
incoh
dTA
=
4G2FmA
pi
∑
f=p,n
gfinc
[
1− |Ff (q2)|2
] [
Af∓(g
f
R/L)
2 s(1− y)2 −m2(1− y)
s−m2 +
+Af±
{(
gfL/R − gfR/L
ym2
s−m2
)2
+ (gfR/L)
2 ym
2[s(1− y)−m2]
(s−m2)2
}]
=
(4)
=
2G2FmA
pi
∑
f=p,n
gfinc
[
1− |Ff (q2)|2
] [
Af
{
(gfL/R)
2 + (gfR/L)
2(1− y)2 − 2gfLgfR
ym2
s−m2
}
+
+(±∆Af )
{
gfL/R − gfR/L(1− y)
}{
gfL/R + g
f
L/R
(
1− y s+m
2
s−m2
)}]
.
The coherent (anti)neutrino-nucleus scattering cross-section in (3) is
dσ
ν/ν¯
coh
dTA
=
4G2FmA
pi
(
1− TA
TmaxA
) ∣∣∣∣∣∣
∑
f=p,n
√
gfcohFf (q
2)
[
Af±
{
gfL/R + g
f
R/L
my√
s+m
}
+Af∓ g
f
R/L
{
1−
√
sy√
s+m
}]∣∣∣∣∣∣
2
=
=
G2FmA
pi
(
1− TA
TmaxA
) ∣∣∣Gν/ν¯V (q2) +Gν/ν¯A (q2)∣∣∣2 , where (5)
G
ν/ν¯
V (q
2) =
∑
f=p,n
√
gfcohFf (q
2)gfV
[
Af
(
1− yτ
2
)
+
y
2
(±∆Af )
]
,
G
ν/ν¯
A (q
2) =
∑
f=p,n
√
gfcohFf (q
2)(±gfA)
[
Af
yτ
2
+
(
1− y
2
)
(±∆Af )
]
.
Kinematic variables are q2 = (k−k′)2, y = (p, q)
(p, k)
' TA
Eν
, where TA is the kinetic energy of the nucleus. One hasEν =
s−m2
2
√
s
,
τ =
√
s−m√
s+m
, and m is the nucleon mass. The total energy squared s = (p+ k)2 of the (anti)neutrino and the target nucleon is
calculated assuming an effective momentum of the nucleon [66]. In Eqs. (4) and (5)Af± = (A
f±∆Af )/2, andAf = Af+ +Af−,
∆Af = Af+ − Af−, or directly Ap = Z, An = N , ∆Ap ≡ ∆Z = Z+ − Z−, ∆An ≡ ∆N = N+ − N−, where Z± and N±
stand for the numbers of the protons and neutrons with the spin projection on the incident neutrino momentum axis equal to
±1/2. Correction functions gp/ninc and gp/ncoh are of the order of unity (for details, see [66]). For simplicity, in what follows these
correction functions are omitted (or taken to be equal to one).
3If the target nucleus is unpolarized, the terms proportional to ∆Af in (4) vanish after averaging, and for an unpolarized target
the incoherent (anti)neutrino-nucleus scattering cross-section is
dσ
ν/ν¯
incoh
dTA
=
2G2FmA
pi
∑
f=n,p
[
1− |Ff (q2)|2
]
Af
{
(gfL/R)
2 + (gfR/L)
2(1− y)2 − 2gfLgfR
ym2
s−m2
}
. (6)
Spin averaging in (5) removes terms linear in ∆Af . The formula of the spin-averaged coherent (anti)neutrino-nucleus
scattering cross-section is
dσ
ν/ν¯
coh
dTA
=
G2FmA
pi
(
1− TA
TmaxA
)∑
f,f ′
FfF
∗
f ′
{
gfV g
f ′
V
[
AfAf ′
(
1− yτ
2
)2
+ ∆Af∆Af ′
(y
2
)2 ]
+ (7)
+ gfAg
f ′
A
[
AfAf ′
(yτ
2
)2
+ ∆Af∆Af ′
(
1− y
2
)2 ]
+ 2gfV (±gf
′
A )
(
AfAf ′
(
1− yτ
2
) yτ
2
+ ∆Af∆Af ′
y
2
(
1− y
2
))}
.
Equations (6) and (7) can be further simplified if terms proportional to y ≈ 3%Eν/(30 MeV) and to ∆Af∆Af ′ are neglected.
This can be done either for a spinless nucleus or approximately for heavy nuclei with ∆A  A. Therefore, one has both
coherent and incoherent terms in a rather simple form, which is the same for incoming neutrinos and antineutrinos
dσcoh
dTA
=
G2FmA
pi
(
1− TA
TmaxA
) ∑
f=n,p
A2f |Ff |2(gfV )2,
(8)
dσincoh
dTA
=
2G2FmA
pi
∑
f=n,p
Af
(
1− |Ff |2
) (
(gfL)
2 + (gfR)
2
)
.
One can conclude from Eq. (8) that at the accepted accuracy level νA → νA(∗) and ν¯A → ν¯A(∗) interactions are identical.
Finally, if terms proportional to gpV are abandoned (due to g
p
V  1), Eq. (7) arrives at a well-known result given in Eq. (1).
A smooth transition between the coherent and incoherent regimes is the key feature of Eqs. (3), (4), and (5). The elastic
(coherent) interactions keeping the nucleus in the same quantum state lead to quadratic enhancement (∝ A2f ) of the cross-
section in terms of the number of nucleons and is simultaneously proportional to |Ff (q)|2. The cross-section of the inelastic
(incoherent) processes in which the quantum state of the nucleus is changed has the linear dependence (∝ Af ) on the number
of nucleons and is simultaneously proportional to
(
1− |Ff (q)|2
)
. Both terms in Eqs. (4), and (5) are governed by the same
Ff (q). In the limit q → 0, Ff (q) → 1, and the contribution of the incoherent cross-section (see Eqs. (4)) vanishes, while the
coherent term totally dominates. In the opposite limit of large q, Fp/n(q) → 0, and the coherent cross-section vanishes (see
Eqs. (5)), while the incoherent term dominates. In general, both the coherent and incoherent scattering processes contribute. In
what follows, the results obtained with the Helm form-factors [68] are presented.
It is convenient to refer to the cross-section integrated over the kinetic energy of the recoil nucleus
σ(Eν/ν¯) =
∫ TmaxA
TminA
dσν/ν¯
dTA
dTA. (9)
This integral depends on the energy threshold TminA , unique for each detector.
As in [66], three experimental setups are considered. The first is a germanium detector with the natural isotope 74Ge only (for
illustration), being exposed to the ν¯e flux from a nuclear reactor. The energy threshold for the electrons of the Ge bolometers in
the νGEN experiment at the Kalinin Nuclear Power Plant is 200 eV [49, 69], which roughly corresponds to 1 keV [70] of the
74Ge recoil energy. The differential cross-sections for Eν = 5 MeV and 8 MeV and the total cross-section for Eν ∈ (1, 20)
MeV were calculated. As an estimate, ∆ε = 900 keV was used for the excitation energy of 74Ge. The second setup is a CsI
scintillator exposed to the neutrinos from the SNS [60]. The differential and total cross-sections are calculated for Eν = 30
MeV and 50 MeV and for Eν ∈ (1, 150) MeV, respectively. It was assumed that ∆ε = 100 keV for the 133Cs nucleus. A 5-keV
energy threshold was set to the 133Cs recoil energy. The third one is a liquid argon detector with an unprecedented low-energy
threshold of 0.6 keV for the 40Ar nucleus achieved by the DarkSide Collaboration [71]. The differential and total cross-sections
are calculated for Eν = 15(20) MeV and for Eν ∈ (1, 50) MeV, respectively.
In Fig. 1 the Helm form-factors for these nuclei as functions of |q| (and TCs) are depicted. At TCs = 12–15 keV, where the
maximum of the signal observed by the COHERENT experiment occurred, |q| = 50–60 MeV and |F (q)|2 = 0.6–0.5. It is seen
that the coherent elastic scattering is suppressed, and a contribution from the incoherent transitions should be expected.
In Fig. 2 (Fig. 3) the differential (integral) coherent and incoherent (anti)neutrino-nucleus cross-sections are displayed for
three experimental setups discussed above.
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FIG. 1. The Helm form-factor FHelm [68] as a function of the three-momentum transfer |q| (bottom horizontal axis). The upper horizontal axis
corresponds to the kinetic energy of the 133Cs nucleus.
The following features can be seen in the figures. The coherent and incoherent neutrino-nucleus and antineutrino-nucleus
cross-sections, calculated with formulas (4) and (5), demonstrate, in accordance with discussion above, almost the same behavior
with a rather small difference only for the heavy non-spin-zero 133Cs nucleus.
As TA → 0, the coherent cross-section totally dominateos, since the incoherent contribution vanishes. As TA → TmaxA , the
coherent cross-section vanishes due to the factor 1−TA/TmaxA , and the incoherent cross-section rises. Due to possible excitation
of a nucleus the maximum kinetic energy of the nucleus in an incoherent process is systematically smaller than the one in the
coherent case. For smallEν/ν¯ the coherent cross-section dominates over the incoherent contribution for any TA. For largerEν/ν¯
there is a value of TA above which the incoherent cross-section dominates over the coherent one, as can be seen in the middle
panel of Fig. 2 for Eν/ν¯ = 50 MeV. At low Eν/ν¯ the coherent integral cross-section (in Fig. 3) is larger than the incoherent one
by orders of magnitude because the factors 1− |Fp/n(q)|2 suppress the latter at small q. With increasing neutrino energy, their
interrelation changes, and the integral incoherent cross-section becomes rather substantial above a certain Eν/ν¯ .
Figure 4 illustrates this statement. The ratio σincoh/σcoh of the integrals given by Eq. (9) is displayed for the 133Cs nucleus.
For the neutrino-nucleus scattering (left panel) and Eν ' 30 (60) MeV this ratio is about 7 (20)% for TminA = 0, and reaches
about 15 (30)% for TminA = 5 keV. In the latter case, the incoherent contribution becomes equal to the coherent one at Eν ' 110
MeV. The increasing importance of the incoherent interaction is evident for increasing neutrino energy.
After the interaction with incoming (anti)neutrino the nucleus may remain in the same quantum state, or the internal state
of the nucleus could be changed. Experimentally, the scattered nucleus, being in the same or excited state, is practically
indistinguishable if one measures only the kinetic energy of the nucleus. Nevertheless, inelastic interaction (for example,
nuclear excitation) must be accompanied by some emission of γ quanta corresponding to the difference of the energy levels
of the nucleus [72]. For example, the time scale of this emission is in the range of picoseconds to nanoseconds for the 133Cs
nucleus. The energies of the γs are of the order of a hundred keV for 133Cs, and these γs should produce a very detectable signal
in the scintillator correlated in time with the beam pulses for an accelerator-based experiment. The rate of these γs is determined
by the ratio Ninc/Ncoh, where
Ninc/coh =
∫
dEνΦ(Eν)
∫ dTmaxA
dTminA
dTA
dσinc/coh
dTA
ε(TA),
and ε(TA) is the detection efficiency. Figure 4 suggests that the number of the γ-events due to incoherent interactions could be
rather detectable.
One can conclude that the COHERENT experiment (with 133Cs) has seen a very substantial part of Coherent Elastic Neutrino
Nucleus Scattering (CEνNS), but with 15–20% uncertainty, due to the high neutrino energy and the high energy threshold (5
keV). The inelastic (or incoherent) admixture at a level of 15-20% is inevitable in the measured data of the experiment, if
50.0 0.5 1.0 1.5 2.0
TA, [keV]
10 44
10 43
10 42
10 41
10 40
10 39
d
/d
T A
,[
cm
2 /k
eV
]
coh
inc
74Ge, E = 5 MeV
74Ge, E = 8 MeV
0 10 20 30 40
TA, [keV]
10 42
10 41
10 40
10 39
10 38
d
/d
T A
,[
cm
2 /k
eV
]
coh
inc
133Cs, E = 30 MeV
133Cs, E = 50 MeV
0 5 10 15 20
TA, [keV]
10 43
10 42
10 41
10 40
d
/d
T A
,[
cm
2 /k
eV
]
coh
inc
40Ar, E = 15 MeV
40Ar, E = 20 MeV
0.0 0.5 1.0 1.5 2.0
TA, [keV]
10 44
10 43
10 42
10 41
10 40
10 39
d
/d
T A
,[
cm
2 /k
eV
]
coh
inc
74Ge, E = 5 MeV
74Ge, E = 8 MeV
0 10 20 30 40
TA, [keV]
10 42
10 41
10 40
10 39
10 38
d
/d
T A
,[
cm
2 /k
eV
]
coh
inc
133Cs, E = 30 MeV
133Cs, E = 50 MeV
0 5 10 15 20
TA, [keV]
10 43
10 42
10 41
10 40
d
/d
T A
,[
cm
2 /k
eV
]
coh
inc
40Ar, E = 15 MeV
40Ar, E = 20 MeV
FIG. 2. Differential cross-sections
dσν/ν¯
dTA
for the coherent (solid lines) and incoherent (dashed lines) ν-nucleus (left panel) and ν¯-nucleus (right
panel) scattering for the 74Ge (top), 133Cs (middle), and 40Ar (bottom) nuclei and different (anti)neutrino energies. Vertical lines correspond
to the experimental energy thresholds.
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FIG. 3. Integral cross-sections σν/ν¯ for coherent (solid lines) and incoherent (dashed lines) ν-nucleus (left) and ν¯-nucleus (right) scattering
for 74Ge (top), 133Cs (middle) and 40Ar (bottom) nuclei and different (anti)neutrino energies. The integrals are calculated for idealistic
thresholdless (TminA = 0, blue lines) setups and for the best achieved thresholds T
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A (red lines) achieved by three considered experimental
setups.
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FIG. 4. Ratio of incoherent-to-coherent cross-sections, σinc/σcoh, for the neutrino (left) and antineutrino (right) scattering off a 133Cs nucleus
as a function of Eν/ν¯ . The two curves correspond to the TminA = 0 and 5 keV detection thresholds.
excitation γs escape detection. An accurate analysis of the COHERENT-like data (see for example [73–83]) should take the
incoherent contribution into account.
There are two ways for an accurate study of the CEνNS. One is to separate the coherent signal from the incoherent one
following the above-mentioned procedure from [66]. The incoherent processes, being a relatively small ”background” to the
coherent interactions, provide an important clue if γ rays emitted by the excited nucleus are detected. For a neutrino pulsed-
beam experiment the γs should be correlated in time with the beam pulse, and the higher energy of the γs allows their detection
at a rate governed by the ratio Ninc/Ncoh. Simultaneous detection of both signals due to nuclear recoil and the deexcitation γs
provides a sensitive tool for investigation of the CEνNS, and studies of the nuclear structure and possible signs of new physics.
The other way to study the CEνNS is to use an extremely low-energy threshold detector and collect data at recoil energies, where
the incoherent (inelastic) scattering is suppressed very significantly. Nowadays, this is an objective for the νGeN experiment
[49, 69] and, perhaps in the near future, for the DarkSide experiment [71] with their very-low-energy thresholds.
Some comments are in order after publications of [66]. Analytical treatment of the neutrino-nucleon scattering within a
nucleus was possible under a number of approximations and assumptions. In particular, non inclusion of the nucleon spin-flip
transitions into the elastic process was an assumption in [66]. This spin-flip transition could lead to any of elastic and inelastic
processes. The corresponding probabilities are determined by the nucleus wave function, unlikely to be calculable from first
principles. Furthermore, any spin-flip of a target nucleon in a spinless nucleus would necessarily change the total spin of the
nucleus and thus excite it. Therefore, it is likely that nuclei with A  ∆A would behave similarly, i.e. the nucleon spin-flip
transitions will change the energy state of the nucleus, etc.
Another comment concerns the point that according to tradition, the cross-sections in Eqs. (3), (4) and (5) have labels
”coherent” and ”incoherent”. Nevertheless, for (anti)neutrino energies of tens of MeV both terms in Eq. (4) and Eq. (5) are
coherent in the sense that all nucleons are involved in the scattering process at a level of amplitudes (for details see [66]).
Therefore, strictly speaking in this kinematics region one should use labels ”elastic” and ”inelastic” instead of ”coherent” and
”incoherent”, respectively. For much higher energies (tens of GeV and beyond) one can, in principle, generalize the excitation
of the target nucleus νA→ νA∗ considered here to a scattering process when the nucleus is fully disintegrated νA→ νX (deep
inelastic case). The full disintegration obviously means that the scattered nucleus completely lost its integrity, or equivalently
F (q) ≡ 0. The partonic picture could be foreseen from Eq. (4) with its famous A-dependence.
In conclusion, a unified description of the elastic (coherent) and inelastic (incoherent) neutrino and antineutrino scattering off
the nucleus is presented. This description can be used for comprehensive data analysis.
The authors are grateful to Yu. Efremenko, S. Haselschwardt, A. Konovalov, V. Rubakov, and E. Yakushev, for important
comments and discussions.
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